Neoplastic diseases, particularly of bottom-dwelling fishes, are more prevalent in coastal areas than in areas that are relatively pristine. Although sediments in many urbanized estuaries contain high concentrations of contaminants, there is little evidence linking a specific organic or inorganic chemical to a particular liver lesion in winter flounder (Pleuronectes americanus), despite increasing study in recent years. Between 1984 and 1986, sediments and winter flounder were collected from 10 sites in the north-east United States ranging from grossly polluted to relatively unimpacted. Sediments were analysed for polycyclic aromatic hydrocarbons (PAHs), chlorinated pesticides, polychlorinated biphenyls (PCBs), and metals. Gross and microscopic pathological examinations were conducted on winter flounder liver sections. Factor and canonical correlation analyses were used to explore associations between biological and chemical measurements. Hepatitis, cholangitis, phlebitis, and macrophage aggregate hyperplasia showed positive associations with low molecular weight, petroleum-derived PAHs (naphthalene, anthracene, 1-methylnaphthalene, 2-methylnaphthalene, 2,6-dimethylnaphthalene, acenaphthene, phenanthrene, biphenyl, fluorene, and 1-methylphenanthrene), the pesticides lindane, hexachlorobenzene, heptachlor epoxide, and o,p -DDD, tri-to hexachlorobiphenyls, and chromium, cadmium, lead, thallium, and selenium, but were negatively associated with the pesticides o,p -DDT, p,p -DDT, p,p -DDE, and mirex. Cytoplasmic hepatocellular vacuolation, cytoplasmic bile duct vacuolation, neoplasms, and pre-neoplasms showed positive associations with most PAHs measured, whether petroleum-derived or combustion-derived (benzo[a]pyrene, benzo[e]pyrene, benzo [a]anthracene, dibenzo [a,h]anthracene, perylene, chrysene, and fluoranthene), the pesticides dieldrin, trans-nonachlor and alpha-chlordane, and silver, copper, antimony, and tin, but no associations with PCBs were found. Coagulative necrosis, single cell necrosis and haemorrhagic necrosis showed positive associations with hepta-to nonachlorobiphenyls and arsenic, zinc, nickel, and mercury, and negative associations with high molecular weight, combustion-derived PAHs and DDT compounds and metabolites.
Introduction
It is widely accepted that anthropogenic activities have contributed to the deterioration in environmental quality of marine and estuarine areas, especially those ajacent to large population centres. A variety of effects, including disease, have been observed in marine fishes, crustaceans, and molluscs from contaminated environments (Sindermann, 1979; Murchelano, 1982; Longwell et al., 1992 Longwell et al., , 1996 Fournie et al., 1996) . Neoplastic diseases of the integument (epidermal papilloma, squamous cell carcinoma) and liver (hepatocellular adenoma and carcinoma, cholangioma and cholangiocarcinoma, mixed hepatobiliary carcinoma), particularly in bottom-dwelling fishes, are more prevalent in coastal areas than in areas which are relatively pristine (Deys, 1969; Peters, 1975; McCain et al., 1977; Smith et al., 1979; Malins et al., 1984; Vogelbein et al., 1990; Johnson et al., 1993; Myers et al., 1994; Moore et al., 1996; Vethaak and Wester, 1996) . Liver neoplasia, sometimes in epizootic proportions, has been reported in at least 15 species of feral and hatchery-reared fish in North America, Japan, and Europe. Reviews by Couch and Harshbarger (1985) , Mix (1986) , and Susani (1986) detail numerous examples of the effects of environmental and experimental carcinogenic agents.
Winter flounder (Pleuronectes americanus) is a commercially and recreationally important demersal species found in coastal areas along the north-east United States. Studies have shown that this species can have a high prevalence of gross and microscopic hepatic lesions, including carcinomas Wolke, 1985, 1991; Murchelano, 1988; Johnson et al., 1993; Moore and Stegeman, 1994) . Finfish accumulate chemical contaminants from multiple sources, including sediments (Zdanowicz et al., 1986) . However, even though sediments in many estuaries contain high levels of polycyclic aromatic hydrocarbons (PAHs), chlorinated pesticides, polychlorinated biphenyls (PCBs), and trace metals, and despite indications that environmental contamination is playing a major role in the development of hepatic lesions in fish (Ashley and Halver, 1961; Sinnhuber et al., 1974; Hendricks, 1982; Furness and Rainbow, 1990) , cause-effect relationships between chemical contaminants and liver lesions in demersal finfish have only been inferred (Malins et al., 1984 (Malins et al., , 1987 Myers et al., 1990 Myers et al., , 1991 Johnson et al., 1993; Myers et al., 1994; Moore and Stegeman, 1994) , not conclusively established. In addition, although experimental studies have been aimed at understanding the connection between specific classes of chemicals and liver lesions in fish (e.g. Metcalfe et al., 1988 Metcalfe et al., , 1990 Schiewe et al., 1991) , no data presently exist substantiating a specific organic or inorganic chemical compound as the inducer of a particular neoplastic liver lesion in winter flounder. Nevertheless, it appears that certain hepatic lesions observed in winter flounder from northeastern United States estuaries are statistically associated with exposure to certain general classes of chemical contaminants, including low and high molecular weight PAHs and pesticides Moore et al., 1996) .
From 1984 to 1988, the Northeast Fisheries Science Center participated in the Benthic Surveillance Project of NOAA's National Status and Trends (NS&T) Program. Twenty estuarine and coastal sites were studied. Samples of demersal fish liver and kidney were collected for histopathological examination, and sediment and fish livers were analysed for metals, chlorinated pesticides, PCBs, and PAHs (not measured in livers). These chemicals were chosen for analysis because they are persistent in the environment and ubiquitously distributed in sediments and fish tissues from the north-east region, often at high concentrations, especially at sites near urban centres. Also, these classes of compounds have been shown to have the potential to produce toxic effects in vertebrates. The NS&T program produced a large database containing numerous chemical measurements and synoptic observations of various lesions in fish tissues. The purpose of the present work is to explore associations between winter flounder liver lesions and sediment chemical contaminants and provide a basis for future experimental studies.
Materials and methods
Winter flounder were collected at 10 sites along the north-east coast of the United States ( Fig. 1 ) between 1984 and 1986. Collections were made in April of each year, after the fish had over-wintered at the sampling site, and before the start of the spring migration. Site characteristics are listed in . Field methods and sample collection protocols are detailed by Lauenstein and Cantillo (1993) . A total of 30 individual fish were collected at each site using an otter trawl. Specimens were examined in the field for the presence of gross internal and external lesions and anatomical anomalies. The abdominal cavity was then opened and portions of kidney and liver tissues were removed and preserved for later histopathological examination. Tissues for histology were prepared according to methods given in Luna (1968) . Detailed histopathological descriptions are given in Murchelano (1988) and Murchelano and Wolke (1991) . Whole stomachs and bile were also removed, and they and the remaining liver sections were stored frozen for contaminant analysis. Surface sediments were collected for contaminant analysis using a box corer or Smith-MacIntyre bottom grab. Methods used for analyses of organic contaminants are described by Gadbois et al. (1993) and for metal contaminants by Zdanowicz et al. (1993a,b) .
For this paper, our data set consists of 54 contaminant variables measured in sediment (18 PAHs, 15 pesticides, 8 classes of PCBs, and 13 metals) and 10 lesion types observed in winter flounder livers. Sediment variables were measured in samples from 3 to 5 stations per site. Examinations for lesions were performed on liver sections of 30 fish per site. Each site was visited up to three times from 1984 to 1986. Since fish specimens cannot be linked to a specific sediment sample, the sediment contaminant data were averaged by site and year and merged with data on total lesion prevalences by site and year, resulting in 25 observations. Data on some observed lesions, as well as data on contaminants in fish tissues, were not included in this analysis. Although a total of 112 lesions were observed, some are known to be unrelated to environmental factors and were excluded, as well as some that were observed only once or twice. Of the remainder, only the 10 presented here occurred at enough sites and with enough frequency to produce a data set suitable for statistical analysis. Regarding tissue contaminants, most analytical results were below limits of detection, so data were not used in the statistical analysis. Sex was not included as a variable in the analysis, since it is not generally regarded as an important factor for lesions in winter flounder (Moore, 1991; Murchelano and Wolke, 1991) or other pleuronectid fish, such as English sole . In contrast, age is considered an important risk factor for certain types of lesions in demersal fish . However, samples collected for aging the specimens have not been analysed. Length data were available, but, without detailed knowledge of the relationship between length and age in winter flounder from each site, it is not likely that length measurements could successfully be used as a substitute for age data, especially at sites spread over a wide geographic range; thus, length data were not used to estimate ages. However, although specimen size ranges varied among sites, there was no obvious bias in fish size at either contaminated or clean sites that would have influenced lesion prevalences. Multivariate statistical methods were used to explore associations between the liver lesions and chemical contaminants (Cooley and Lohnes, 1971) . Factor analysis was used to explore interrelationships between the original variables and to reduce the 64 original variables to several Factors (i.e. principal components) representing linear combinations of the original variables. The procedure maximizes the variance explained, with some permissible loss of information from the data, subject to the restrictions of orthogonality. Since we had more than twice as many variables as observations, each group of variables (liver lesions, PAHs, PCBs, pesticides, and metals) was factored separately, in order to obtain as high a ratio as possible of observations to variables. Communality values were also computed; they represent the extent of overlap between the original variables and the resulting factors. A communality value for a given variable close to 1 indicates that the factor is highly correlated with the original variable. Factor scores obtained from the factor analysis were used in the canonical correlation analysis to explore possible associations between liver lesion factors and chemical contaminant factors. Although there were exceptions, a positive association between a group of lesions and a group of contaminants can be generally interpreted to indicate that the lesions were more prevalent at sites where the contaminant concentrations were higher (or the lesions were less prevalent at sites where the contaminant concentrations were lower), while a negative association suggests that the lesions were less prevalent at sites where the contaminant concentrations were higher (or more prevalent at sites where the contaminant concentrations were lower). Bartlett's procedure (1947) was used for testing for interdependency of the data sets, indicated as correlations between two sets of variables.
Results
Various types of liver lesions were identified in winter flounder. Frequencies of the most commonly occurring toxicopathic lesions are summarized in Table 1 . These lesions are hepatitis, cholangitis, phlebitis, hepatocellular necrosis, haemorrhagic necrosis, single-cell necrosis, cytoplasmic hepatocellular vacuolation (also referred to as hydropic vacuolation of biliary epithelial cells and hepatocytes), cytoplasmic bile-duct vacuolation, macrophage aggregate (MA) hyperplasia, and neoplasms/pre-neoplastic lesions.
Putative pre-neoplastic liver lesions consisted of foci of cellular alteration. These small, non-compressive, spherical lesions contained hepatocytes with minimal atypia and pronounced basophilia. Neoplasms included hepatocellular adenoma and carcinoma, and cholangioma and cholangiocarcinoma. The carcinomas were morphologically diverse. Hepatocellular carcinomas usually were solid or trabecular with constituent cells that were either spindle-shaped or polygonal; cholangiocarcinomas were ductular and composed of essentially cuboidal epithelial cells. Other pleomorphic tumours could be best designated as anaplastic adenocarcinomas. These lesions contained many large cells with large nuclei that frequently appeared polyploid. Non-neoplastic lesions included pericholangitis, pericholangial fibrosis, cholangiofibrosis (adenofibrosis), non-specific coagulation necrosis, hepatocyte vacuolation (possibly modified apoptosis), parenchymal cavitations, postnecrotic fibrosis, and macrophage aggregate (MA) hyperplasia and hypertrophy. Toxicopathic lesions included a unique lesion, variously referred to as modified apoptosis or, more commonly, hydropic vacuolation, in which biliary epithelial cells and hepatocytes had large cytoplasmic, perinuclear vacuoles consisting of dilated rough endoplasmic reticulum. Affected areas were acinar in configuration, reflecting the tubulosinusoidal morphology of fish liver. The type, prevalence and relationship of some of these conditions to neoplastic liver lesions suggests a developmental sequence (Murchelano and Wolke, 1991) , although the lesions involved and the exact pathways in the histogenesis of hepatic neoplasia in winter flounder have not been proven.
Of the 10 sites where winter flounder were collected, Boston Harbor was among the most grossly contaminated (Zdanowicz and Gadbois, 1990) . No other site had as many total lesions (Table 1) as found in Boston Harbor specimens. Hepatic tumours were common in specimens from Boston and Salem Harbors; no gross lesions were seen in fish from other sampling sites. Microscopic examination of liver tissues showed that neoplastic and other toxicopathic lesions accounted for as much as 80% of the total number of lesions. Sediment contaminant levels (dry weight) in most Boston Harbor samples were highly elevated, and in some samples were as high as 66 000 g kg 1 total PAHs, 600 g kg 1 total pesticides, 47 000 g kg 1 total PCBs, and 1000 mg kg 1 total trace metals. Sediments from Salem Harbor, Quincy Bay, and Raritan Bay also had very high contaminant levels. In contrast, contaminant levels in sediments from the Merrimack River and eastern Long Island Sound (the cleanest sites) were greatly reduced. The highest concentrations were less than 3000 g kg 1 total PAHs, 20 g kg 1 total pesticides, 200 g kg 1 total PCBs, and 200 mg kg 1 total trace metals; concentrations in most samples were lower. Detailed results of contaminant analyses have been reported elsewhere (Zdanowicz and Gadbois, 1990 ).
Factor analysis
Liver lesions Factor analysis reduced the 10 original liver lesion variables to three groupings, accounting for a total of 68% of the variability in the data (Table 2) . Factor PATHA was dominated by hepatitis, cholangitis, phlebitis, and macrophage aggregate (MA) hyperplasia and accounted for 28% of the variability in the lesion data. Factor PATHB was dominated by cytoplasmic hepatocellular and bile duct vacuolation, neoplasia, and pre-neoplasia (24%). Factor PATHC was dominated by coagulative necrosis, haemorrhagic necrosis, and singlecell necrosis (16%). Communality values were relatively high for the liver lesion variables, ranging from 0.510 to 0.880. The lesions represented by the first factor were similar in type (inflammatory), as were the lesions represented by the third factor (necrotic). There is significant disagreement among pathologists regarding whether or not hydropic vacuolation is a pre-neoplastic lesion. Nevertheless, it has been shown commonly to co-occur with hepatic neoplasms in winter flounder (Murchelano, 1990; Murchelano and Wolke, 1991; Moore and Stegeman, 1994) . Thus, hereafter, PATHA will refer to lesions of the INFLAMMATORY group, PATHB will refer to lesions of the PRE/NEOPLASTIC group and PATHC will refer to lesions of the NECROTIC group.
Polycyclic aromatic hydrocarbons (PAHs)
Three principal factors accounting for 95% of the data variability were extracted from 18 original PAH variables (Table 3) . The first factor, PAHA (69%), was dominated by lower molecular weight, two and three ring compounds, generally regarded to be of petroleum origin (naphthalene, 1-methylnaphthalene, 2-methylnaphthalene, 2,6-dimethylnaphthalene, acenaphthene, phenanthrene, biphenyl, and fluorene). PAHB (17%) was dominated by higher molecular weight, four and five ring compounds, generally regarded to be of combustion origin (fluoranthene, benzo [a] anthracene, chrysene, benzo[a]pyrene, benzo[e]pyrene, perylene, and dibenzo[a,h]anthracene). The third factor, PAHC (9%), represented petroleum-derived 1-methylphenanthrene and anthracene, and combustion-derived pyrene. Communality values were very high for all PAH variables, ranging from 0.816 and 0.995.
Chlorinated pesticides
Five factors accounting for 81% of the data variability were derived from 15 pesticide variables (Table 4 ). The first, PESTA (38%), was dominated by alpha-chlordane, trans-nonachlor and dieldrin. Factor PESTB (15%) comprised o,p -DDT, p,p -DDT, p,p -DDE-and mirex as dominant variables. The third grouping, PESTC (13%), represented o,p -DDD, hexachlorobenzene, lindane-and heptachlor epoxide. Factor PESTD (8%) comprised o,p -DDE and p,p -DDD, while PESTE (7%) was dominated by heptachlor and aldrin. Communality values were also high for pesticide variables, ranging from 0.550 to 0.989. 
Polychlorinated biphenyls (PCBs)
Only two factors, accounting for 80% of the PCB variability, were obtained from eight original PCB variables (Table 5 ). The first factor, PCBA (61%), was dominated by lower chlorine content PCBs (3-6 chlorines), while the second factor, PCBB (19%), represented higher chlorine content PCBs (7-9 chlorines). Dichlorobiphenyls were not represented by either of the two major factors. Communality values were very high, with the exception of dichlorobiphenyl, ranging from 0.519 to 0.998. 
Trace metals
Three principal factors accounting for 87% of the variability of the data were formed from 13 original trace metal variables (Table 6 ). The first factor, META (64%), was dominated by arsenic, zinc, nickel, and mercury. The second grouping, METB (15%), comprised antimony, tin, silver, and copper. Factor METC (8%) was loaded by chromium, cadmium, lead, thallium, and selenium. Communality values were again high, ranging from 0.727 to 0.971.
Canonical correlation analysis

Associations between liver lesions and PAHs
The first canonical variate, PAH1, showed high positive loadings by liver lesion factor PATHA and PAH factors PAHA and PAHC (Table 7) . That is, the original variables represented by PATHA were closely associated with the original variables represented by PAHA and PAHC. Thus, in general, lesions of the INFLAM-MATORY group (hepatitis, cholangitis, phlebitis, and macrophage aggregate hyperplasia) were positively associated with lower molecular weight, petroleumderived PAHs (naphthalene, 1-methylnaphthalene, 2-methylnaphthalene, 2,6-dimethylnaphthalene, acenaphthene, phenanthrene, biphenyl, fluorene, anthracene, and 1-methyl phenanthrene). The correlation between these two sets of variables was relatively strong (0.662). The second canonical variate, PAH2, showed high positive loadings by PATHB of the liver lesion domain and PAHA and PAHB of the PAH domain. This indicates that lesions of the PRE/NEOPLASTIC (PESTE) were not associated with any group of lesions. Bartlett's test showed that the association between domains was strong (p=0.011). However, the significance probability (p=0.207) of the next chisquare value indicates that the strong association between liver lesion prevalence and pesticide levels cannot be accounted for by the first variate alone.
Associations between liver lesions and PCBs
The first canonical variate, PCB1, had positive loadings by PATHA of the liver lesion domain and PCB factors PCBA and PCBB (Table 9) . Thus, liver lesions of the INFLAMMATORY group were positively associated with the lower chlorine content PCBs (3-6 chlorines) and, to a lesser extent, the higher chlorine content PCBs (7-9 chlorines); overall, the correlation between the two domains was moderate. The second canonical variate, PCB2, had positive loadings by PATHC of the liver lesion domain and factor PCBB of the PCB domain, but negative loadings by factor PCBA. Thus, liver lesions of the NECROTIC group were positively associated with higher chlorine content PCBs (7-9 chlorines) and negatively associated with lower chlorine content PCBs (3-6 chlorines); this correlation was weak. There were no associations between lesions of the PRE/NEOPLASTIC group (PATHB) and any PCB factor. Bartlett's test indicated that liver lesion and PCB domains were not interdependent (p=0.281), that is, not well associated. 
Associations between liver lesions and trace metals
The first canonical variate, MET1, had positive loadings by PATHB of the liver lesion domain and METB of the trace metals domain (Table 10 ). Thus, there was a strong (0.869) positive correlation between lesions of the PRE/NEOPLASTIC group and silver, copper, antimony, and tin. MET2 had positive loadings by PATHA of the liver lesion domain and METC of the trace metals domain, indicating that lesions of the INFLAMMA-TORY group were moderately (p=0.583), positively associated with cadmium, chromium, lead, thallium, and selenium. The third variate, MET3, had positive loadings by PATHC of the liver lesion domain and by META of the trace metals domain. Accordingly, liver lesions of the NECROTIC group were positively associated with nickel, zinc, arsenic, and mercury, but the correlation was weak (p=0.090). Bartlett's test indicated that the two domains were strongly associated.
Discussion
Results of the factor and canonical correlation analyses indicate that frequencies of certain diseases in winter flounder liver are strongly associated with contaminant levels in sediments of their habitats; the associations are summarized in Table 11 . It is interesting to observe that, for the most part, the lesion and chemical groupings that resulted from the factor analysis are consistent with groupings that might have been assigned a priori on the basis of a detailed knowledge of histopathology or chemistry. The fact that they were obtained using an objective mathematical procedure lends additional validity to the results, and lends validity to the approach taken in other studies where individual contaminants were grouped into classes of compounds before statistical analysis (Malins et al., 1984; Johnson et al., 1993; Myers et al., 1993; McCain et al., 1996) . However, even on the coarsest level, these associations are complex. INFLAMMATORY lesions (cholangitis, hepatitis, phlebitis, and MA hyperplasia) were positively associated with petroleum-derived PAHs (naphthalene, 1-methylnaphthalene, 2-methylnaphthalene, 2,6-dimethylnaphthalene, acenaphthene, phenanthrene, biphenyl, fluorene, anthracene, and 1-methylphenanthrene), lindane group pesticides (hexachlorobenzene, heptachlor epoxide, lindane, and o,p -DDD), low chlorine content PCBs (tri-to hexa-chlorobiphenyls), and several metals (chromium, cadmium, lead, thallium, and selenium), but negatively associated with DDT type compounds (o,p -DDT, p,p -DDT, p,p -DDE, and mirex). The negative association reflects the fact that there was a very low prevalence of inflammatory lesions at Raritan and Quincy Bays (Table 1) , where there were high levels of pesticides. However, while INFLAM-MATORY lesions had the highest average percent prevalence at the Salem Harbor site, one of the most contaminated sites, the second highest average percent prevalence of INFLAMMATORY lesions occurred at the Merrimack River site, one of the cleanest. Further, the lowest average percent prevalence occurred at the Quincy Bay site, another of the most polluted sites. PRE/NEOPLASTIC lesions (neoplasia, preneoplasia, and cytoplasmic vacuolation) were positively associated with most of the PAHs measured, whether petroleumderived (naphthalene, 1-methylnaphthalene, 2-methylnaphthalene, 2,6-dimethylnaphthalene, acenaphthene, (o,p -DDE, p,p -DDE, and p,p -DDD) . Thus, NECROTIC lesions occurred in relatively higher prevalences at eastern Long Island Sound and Great Bay, two of the cleanest sites; some metal levels were relatively high there, but concentrations of combustion-derived PAHs and pesticides were low. Lower prevalences were found in areas where combustion-derived hydrocarbons were found in higher concentrations (Boston and Salem Harbors). It is well known that PAH compounds exert toxic effects on fish. The toxicity of petroleum-derived, lower molecular weight PAH compounds and the carcinogenicity of combustion-derived, higher molecular weight PAH compounds have been documented (Brown et al., 1973; Pliss and Khudoley, 1975; Baumann et al., 1982;  Schultz and Schultz, 1982; Sloof, 1983; Malins et al., 1984; NRC, 1985; Cerniglia and Heitkamp, 1989; Murchelano, 1988 Murchelano, , 1990 Vogelbein et al., 1990; Johnson et al., 1993; Myers et al., 1990 Myers et al., , 1991 Myers et al., , 1994 . Lower molecular weight PAHs have been linked to inflammatory lesions (NRC, 1985) , as well as to neoplasms (Waid, 1986; Safe, 1980) , while higher molecular weight PAHs exhibit carcinogenic effects (NRC, 1985) . Surveys of hepatic neoplasms and other toxicopathic hepatic lesions of English sole [Pleuronectes (Parophyrus) vetulus] from Puget Sound revealed positive correlations between the prevalence of hepatic lesions and total PAHs and metals in sediments, although the prevalence of neoplasms was positively correlated with only total PAHs (Malins et al., 1984) . Sole from polluted areas also had concentrations in bile of PAH metabolites (of naphthalene, phenanthrene, and benzo[a]pyrene) that were substantially higher than in bile of sole from reference sites (Krahn et al., 1988) . Sediment-derived PAHs are ingested during normal feeding, making them bioavailable to flounder (Zdanowicz et al., 1986) . The associations between PAHs and lesions in winter flounder observed here are consistent with associations between PAHs and lesions in English sole (Malins et al., 1984; Landahl et al., 1990) and winter flounder , and lesions observed in laboratory exposure studies (Metcalfe et al., 1988 (Metcalfe et al., , 1990 . Thus, there appears to be general agreement that PAHs, as a class of compounds, are linked to liver lesions in fish. Further support for this connection is the evidence that liver disease prevalence in Boston Harbor winter flounder was reduced as sediment pollution lessened (Moore et al., 1996) . The effects of chlorinated pesticides on fish are well known, but the mechanisms and their synergistic and antagonistic impacts are unclear. Compounds such as the DDTs and chlordanes cause acute toxicity in fish (Merck, 1983; Johnson and Finley, 1986) . DDTs and their metabolites are considered potentially hepatocarcinogenic in fish, but may act only to promote disease instead of initiating it (Halver, 1967) . Lindane also causes acute toxicity in fish, while hexachlorobenzene is toxic to fish liver (Johnson and Finley, 1986) . Neoplasms have been attributed to the acute toxicity of chlordane and related compounds (Merck, 1983; Johnson and Finley, 1986; Murchelano, 1988 Murchelano, , 1990 . Dieldrin causes toxicity as well, although its effects are the cause of some disagreement. While there are indications that dieldrin has a carcinogenic effect (Johnson and Finlay, 1986) , and neoplasms have been attributed to dieldrin (EPA, 1992) , other studies show that dietary dieldrin has no significant effect on rainbow trout carcinogenesis, either as a co-factor or when fed alone (Hendricks et al., 1979) . Thus, there is some lack of agreement on its carcinogenic, promotional, and hepatotoxic potential.
Polychlorinated biphenyls are capable of exerting numerous toxic effects (Smith et al., 1979; Safe, 1980 Safe, , 1994 Waid, 1986; Murchelano, 1988 Murchelano, , 1990 , although Susani (1986) reported that PCB carcinogenicity in fish has never been demonstrated. Lower chlorine content PCBs are more toxic than higher chlorine content PCBs (Safe, 1994) , although our results indicate that certain lesion groups are associated with both groups of PCBs; NECROTIC lesions are positively associated with higher chlorine content PCBs and INFLAMMATORY diseases with lower chlorine content PCBs. Inflammatory lesions have been linked to lower chlorine content PCBs in other studies as well (Waid, 1986; Safe, 1994) . Reports by Malins et al. (1984) and more recently by Myers et al. (1990 Myers et al. ( , 1991 Myers et al. ( , 1994 showed that PCBs are associated with certain toxicopathic liver lesions, but the associations are weaker and less consistent than with PAHs. Regarding neoplastic lesions, PCBs are not considered potent initiators of hepatocarcinogenesis (Silberhorn et al., 1990) . Also, they show minimal mutagenic activity, although high chlorine content PCBs are genotoxic promoters of carcinogenesis in rodents (Safe, 1980 (Safe, , 1994 .
Certain metals, such as cadmium, chromium, arsenic, and nickel, also have carcinogenic properties and are bioavailable to winter flounder, at least in part through their diets (Steimle et al., 1993 (Steimle et al., , 1994 . Copper toxicity was associated with neoplasms in sauger (Stizostedion canadense) from Michigan lakes was reported by Black et al. (1982) . In contrast, Goyer (1986) asserts that, for neoplastic lesions, metals lack hepatocarcinogenic potential; Myers et al. (1994) concluded that they co-vary with risk factors, such as PAHs, that are actually responsible for the observed effects. Thus, it is unclear which toxic effects may be attributable to metals (Furness and Rainbow, 1990) . A confounding aspect of metal biochemistry is that, unlike synthetic chlorinated organic compounds, which clearly show biomagnification from sediments to stomach contents to liver in winter flounder (Zdanowicz et al., 1986) , metals are regulated by metallothioneins and other metal binding proteins (Black et al., 1982; Merck, 1983; Murchelano, 1988 Murchelano, , 1990 . Consequently, simple bioaccumulation does not generally occur. In fact, metal depletion may occur in response to exposure to certain mixtures of contaminants, while metal accumulation may be the response to a different mixture, obscuring simple correlations between levels of exposure and the effects of exposure (Hanson, 1997) .
Our statistical analysis indicates that chemical contaminants in sediments and hepatic lesions are strongly associated. It is noteworthy that another study of the relationships between chemical contaminants and liver lesions in winter flounder from north-east US estuaries, conducted subsequent to this study, found results similar to ours; including the absence of a significant link between PCBs and liver lesions, using similar field and laboratory methods, but an independent statistical approach, logistic regression . The fact that statistically significant, consistent, and toxicologically relevant relationships exist between sediment chemical contaminants and the prevalence of hepatic lesions provides strong evidence for a role for certain contaminants in the aetiology of lesions and provides a sound basis upon which to formulate cause-effect studies to conclusively establish the roles of specific toxicants in the development of lesions in fish.
Analyses reported here implicate certain chemical contaminants as the causative agents of hepatic lesions in the winter flounder. The relationships are complex, however, due to the presence of numerous known and unknown chemical compounds in polluted sediments, the inherent complexity of the biochemical processes governing them, and the problems of differing classes of chemical contaminants that co-occur within sediments that could cause synergistic and antagonistic effects on biochemical processes in the aetiology of lesions. Although certain chemical contaminants have been found in fish livers, it is not clear that it will ever be possible to identify and quantify the innumerable chemical contaminants that are likely present in marine sediments and might accumulate in fish through foodweb dynamics.
